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Abstract

Phosphorus-based anode materials are of considerable interest for grid-scale energy storage
systems due to their high theoretical capacity. Nevertheless, the low electrical conductivity of P,
large volume changes during cycling, and highly-reactive phosphide surface are hindering their
potential applications. Herein, outstanding long-term cycling stability with high retained
potassium storage capacity (213.7 mA h g-1 over 2000 cycles) was achieved via the introduction
of an alternative potassium bis(fluorosulfonyl)imide (KFSI) salt and by using a layered
compound (GeP5) with a high phosphorus concentration as anode material. Fourier transform
infrared spectroscopic mapping results suggest that KFSI salt helps to form an uniform solid
electrolyte interphase (SEI) layer and reduces the side reactions at the electrode/electrolyte
interface, thus enhancing the cycling performance. In-operando synchrotron X-ray diffraction
analysis has revealed the synergistic reaction mechanisms of the K-P and K-Ge reactions. These
findings indicate the enormous potential of phosphorus-based anodes for high-performance
potassium ion batteries and can attract broad interest for regulating the SEI layer formation
through manipulating the salt chemistry.

2

1. Introduction
With the increased demands of electric cars and large-scale energy storage devices, highenergy density and low-cost batteries have been of great interest for the past few years
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. While

lithium ion batteries (LIBs) have dominated in portable devices and electric vehicles for decades,
there is still considerable debate as to whether our limited lithium resources can meet the
requirements for scalable application in grid-level storage
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. Hence, it is necessary to broaden

our research interest to consider cost-effective alternatives. Due to this concern, the other group-I
elements (Na and K) have attracted the focus of attention because of their similar properties to Li
and greater abundance in the Earth’s crust12-15. The standard hydrogen potential (-2.71 V vs. Eº)
of Na, however, usually translates into a lower working voltage than that of Li in full cells,
indicating that lower energy density is achieved in sodium ion batteries (SIBs)16,17. Potassium,
with abundant resources and a low standard hydrogen potential (-2.93 V vs. Eº), close to that of
lithium (-3.04 V vs. Eº), makes potassium ion batteries (PIBs) a good candidate to replace
LIBs18-20.
Carbon-based anode materials have been extensively studied for reversible K-ion storage
with excellent cycling performance21,22, although their low volumetric capacity and energy
density due to their low theoretical capacity are still obstacles for industrial applications 23.
Phosphorus as an alternative anode material has attracted numerous studies because of its high
theoretical capacity (2594 mA h g-1)24. In order to overcome the drawbacks of the low electrical
conductivity of phosphorus and large volume changes during cycling, alloy-based phosphides
(NiP2, Se4P4, Sn4P3, SnP3, etc. 25-29) have been introduced because of the metallic feature in these
compounds and their synergistic reaction mechanisms27,30. Although these phosphides have
demonstrated promising cycling performance, their low P atomic percentages still limit their
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capacity. Recently, GeP5 has been reported as a potential anode with the highest P atomic
percentage among all the binary phosphides. Although Ge may have high costs compared with
other metal such as Sn, GeP5 possess not only comparable low costs (only 16.7% atomic
percentage of Ge in the compound) but also exhibits a very large specific gravimetric capacity.
Combined with a density of 3.65 g cm-3, a high volumetric capacity of 6865 mA h cm-3 could be
obtained, which would be beneficial for its application. In addition, GeP5 exhibits a layered
structure similar to those of black P and graphite, and its electronic conductivity is 4 orders of
magnitude higher than that of black P and similar to that of graphite, being favourable for
potassium ion storage 31.
Herein, we have prepared layered phosphorus-like GeP5 compound and evaluated its
electrochemical performance as an anode for PIBs. Moreover, to further improve the coulombic
efficiency

(CE)

and

cycling

stability,

an

alternative

potassium

salt,

potassium

bis(fluorosulfonyl)imide (KFSI), was employed to help the electrode form an even solid
electrolyte interphase (SEI) layer and suppress the excessive side reactions. The GeP 5 electrode
in KFSI-ethylene carbonate/ diethyl carbonate (EC/DEC) electrolyte exhibited outstanding longterm cyclability (213.7 mA h g-1 over 2000 cycles) at the current density of 500 mA g-1. To the
best of our knowledge, the obtained anodic cycling performance in K storage exceeds those of all
the alloy-based anodes. The reaction mechanism of GeP5 as anode in PIBs was first investigated
by in-operando synchrotron X-ray diffraction (XRD). The suggested conversion-type (P → K4P3)
and alloy-type (Ge → KGe) reactions synergistically buffer the volume changes during cycling,
thus enhancing the integrity of the electrodes.
2. Results and Discussion
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Fig. 1. Characterization of GeP5. (A) Theoretical gravimetric and volumetric capacities for
various anode materials in K-ion batteries. (B) XRD pattern of the GeP5 powder (with the inset
showing the crystal model for GeP5). (C) SEM image, (D) TEM image, (E) HRTEM image, (F)
selected area diffraction pattern, and (G-I) the STEM-EDS mapping of GeP5 powder.

P can react with K to form K3P, leading to a high capacity (2596 mA h g-1), which is the
highest theoretical capacity among the anodes for PIBs reported so far. The low conductivity of
red phosphorus, however, and the large volume variation during cycling are blocking its
application as anode material. By the introduction of Ge metal with high electrical conductivity,
GeP5 with its high phosphorus concentration has a high theoretical gravimetric capacity. As
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shown in Fig. 1A, GeP5 also exhibits the highest theoretical volumetric capacity among the
alloy-based anodes. The GeP5 compounds were obtained by high-energy ball-milling of Ge and
red phosphorus mixtures. All of the diffraction peaks in the XRD pattern of the as-milled sample
(Fig. 1B) can be assigned to GeP5 (R3̅m, PDF No.00-024-0455) with a layered structure (inset of
Fig. 1B). No impurities were detected, implying that Ge and P were completely reacted and
transformed to GeP5 phase. The broadened diffraction peaks indicate that the GeP5 is in
nanocrystalline form. The field-emission scanning electron microscope (FESEM) image (Fig.
1C) shows the morphology, consisting of irregular agglomerated microsized particles, and the
transmission electron microscope (TEM) image (Fig. 1D) presents the secondary particles, which
appear as agglomerations of nanoparticles. Figure 1E shows that the spacing of the fringes is
0.283 nm, which matches the 𝑑110 spacing of GeP5. The corresponding selected area diffraction
(SAED) pattern (Fig. 1F) can be indexed to the (012), (104), and (110) planes of GeP5. The
scanning TEM − energy dispersive spectroscopy (STEM-EDS) elemental mapping images
exhibit the uniform distributions of the Ge and P in the as-prepared particles, as shown in Fig.
1G-I.
Electrochemical characterization and analysis of GeP5 anode
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Fig. 2. Electrochemical performance of GeP5 as anode for PIBs. (A) Cycling performances
of cells with various electrolytes at 50 mA g-1. (B) Rate capabilities of cells at various current
densities.(C) Solvation energies estimated from the binding energy of the K + (Y) clusters, where
Y = EC + DEC or EC + DEC + FEC. (D) Long-term cycling performance of the cells with
various electrolytes at 500 mA g-1.
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As shown in Fig. 2A, the GeP5 electrode exhibited an attractive reversible specific capacity
(934.5 mA h g-1) at the second cycle with a slow drop afterwards in KPF6 electrolyte. The initial
CE is only 45.81%, however, which is possibly due to the high irreversible capacity caused by
the SEI layer formation and the possible side reactions caused by the highly-reactive potassium
metal32. To address the problem of low initial CE and suppress the side reactions during cycling,
an alternative potassium salt (KFSI) was adopted32,33. The GeP5 electrode in KFSI electrolyte
presents a relatively high initial CE of 58.57% and stable cycling performance, with retained
capacity of 495.1 mA h g-1 after 50 cycles at 50 mA g-1. The GeP5 electrode in KFSI electrolyte
also shows superior rate performance (Fig. 2B), delivering 721.8, 595.2, 503.7, 438.5, 343.9, and
284.2 mA h g-1 at the current densities of 20, 50, 100, 200, 500, and 1000 mA g-1, respectively.
In order to further improve the electrochemical performance of the GeP5 electrodes,
fluoroethylene carbonate (FEC) was adopted as an additive, inspired by its application in sodium
ion batteries (SIBs)17,34-36. With the addition of 5 wt. % FEC to both KFSI-EC/DEC and KPF6EC/DEC electrolytes, however, the specific capacity dropped quickly after a few cycles at 50
mA g-1, and the capacity was almost zero at high current densities. To further investigate the
effect of FEC additive in the electrolyte, we employed density functional theory (DFT)
calculations to obtain the solvation energies in order to understand the interaction between
Na+/K+ and the solvent in the electrolyte. The solvation energy in the electrolyte without FEC is
notably smaller (0.305 eV) than that in the electrolyte with FEC (1.281 eV) for PIBs (Fig. 2C),
indicating that the interaction between K+ and the solvent is weaker in the electrolyte without
FEC, and therefore, the K ion diffusion in the electrolyte and the desolvation could be easier,
which makes the following reaction with GeP5 easier than in the electrolyte with FEC. Based on

8

the DFT calculations (solvation energy), it is apparent that FEC as an additive in PIBs has a
negative effect on the electrochemical performance. This seems to be in conflict with the
reported effect of FEC as additive in SIBs. We have also calculated the solvation energies in
electrolyte for sodium ion batteries. As can be seen in Fig. S1, the solvation energy increased
from 0.395 eV to 0.632 eV with the addition of FEC, although the solvation energy in SIBs with
FEC (0.632 eV) is much smaller than that in PIBs with FEC (1.281 eV). Also, the FEC, based on
reported data17,37-39, can help to form a uniform and stable SEI layer on the surface of the
electrode, which leads to enhanced cycling performance.
The galvanostatic discharge/charge profiles of GeP5 electrodes for the first three cycles in
KPF6 and KFSI electrolytes at 50 mA g-1 are shown in Fig. S2. A large irreversible capacity can
be found in the first cycle, especially in KPF6 electrolyte, leading to a lower initial CE than that
in KFSI electrolyte. After the addition of FEC (Fig. S3), the GeP5 electrode also exhibited a
similar large irreversible capacity in the initial discharge process. This is probably due to greater
reduction of the electrolyte to form the SEI, or the excess fluoride may have reacted with the
electrode or the potassium metal in the KPF6 electrolyte32. To further demonstrate the possible
side reactions, the CEs of the GeP5 electrodes in various electrolytes are presented in Fig. S4. In
the following cycles, the CE for KFSI electrolyte stabilized at around 98.5%, but the CE in KPF6
electrolyte was maintained at ~95% after 50 cycles. With the FEC additive, the CE of the GeP 5
electrodes was below 85%. These results further suggest that the excess side reactions may have
occurred due to the high fluoride concentration in the electrolyte, which may stimulate side
reactions during the potassiation process.
In-operando transmission X-ray microscopy (TXM) measurements of the GeP5 used as anode
in LIBs were also carried out to reveal the morphological changes induced by the Li storage
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reactions during cycling. It can be observed that, during lithiation and delithiation processes (Fig.
S5), the GeP5 particle undergoes a similar two-stage mechanism31, with this leading to partial
particle pulverisation (Fig. S6). It can be imagined that more severe pulverisation and
irreversible volume variations will occur when the GeP5 is reacting with K, which has a much
larger ionic radius (1.38 Å for K+ vs. 0.76 Å for Li+). In order to achieve stable cyclability of the
electrodes, besides employing KFSI salt to regulate the formation of the SEI layer, a conductive
matrix or void space (porous structure) must be introduced to buffer the mechanical stress
induced by the vigorous volume variation of GeP5 during potassiation/depotassiation in order to
avoid pulverisation and maintain the integrity of the electrode,. Herein, we mixed ball-milled
GeP5 with carbon black, and long-term cycling was conducted at a current density of 500 mA g-1
with suitable amounts of carbon (Fig. 2D). After activation during the initial cycle at a current
density of 50 mA g-1, the GeP5 electrode in KFSI electrolyte exhibited superior stable cycling
performance and still maintained 213.7 mA h g-1 after 2000 cycles. In KPF6 electrolyte, however,
the capacity was relatively stable in the first 220 cycles, but it showed severe fluctuations
afterwards. Fig. S7 presents representative time-voltage profiles corresponding to certain cycles.
The GeP5 electrode in KPF6 electrolyte maintained a stable round-trip performance up to 220
cycles. Afterwards, the voltage fluctuated and required a relatively longer time than normal
discharge/charge time intervals. To understand the problem and to optimize the performance of
the battery, the cells were cycled in KPF6 electrolyte in different voltage ranges with low cut-off
potentials of 0.1 V and 0.2 V, respectively. As can be observed in Fig. S8, the electrode suffered
from capacity fluctuations after around 600 cycles in the voltage range of 0.1-3 V. In contrast, by
slightly increasing the low voltage cut-off to 0.2 V, excellent cycling performance could be
obtained, even after 1500 cycles, but there is a sacrifice, relatively low specific capacity due to
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the higher cut-off potential. It can be observed that the voltage fluctuated and was retained for a
relatively longer time than normal discharge/charge time intervals for the cells in KPF6
electrolyte between 360-380 cycles within the voltage range of 0.1-3 V (Fig. S9). These results
suggest that the cycling performance of the electrode can be improved by either using a higher
cut-off voltage or employing a suitable electrolyte.
Uniformity and thickness of SEI layer in various electrolytes

Fig. 3. FTIR mapping of the surfaces of the cycled electrodes. In electrolytes consisting of
(A) KPF6-EC/DEC, (B) KFSI-EC/DEC, (C) KPF6-EC/DEC with FEC, and (D) KFSI-EC/DEC
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with FEC. (Absorbance (Abs.) ranges were limited from 0.6 to 2.0, with the colour scale based
on the corrected absorbance adjusted to the same range.)

Fourier transform infrared (FTIR) spectroscopic mapping was carried out to study the side
reactions and distributions of the SEI layer formed in various electrolytes during cycling. The
FTIR images were mapped from a set area on the surface of the fresh electrode and the electrode
after the 1st cycle, as shown in Fig. 3. The FTIR mapping of the pristine electrode surface is
shown in Fig. S10. The GeP5 electrodes in KPF6 and KFSI electrolyte all exhibited brighter
colours (higher Abs. values) than the pristine electrodes, which indicates that the SEI layer could
be effectively formed on the surface of the electrode after the 1st cycle. To compare these images,
the colour scale based on the corrected absorbance has been adjusted to the same ranges from 0.6
to 2.0. By the semi-quantitative method, areas of contrast can be used to identify the
homogeneity and thickness of the SEI layers on the surfaces of the electrodes, with areas of high
and low amounts of the imaged chemical entity colour coded as white and black, respectively.
As shown in Fig. 3A and 3B, green and blue colour distributions are visible on the surfaces of
the electrodes, indicating that uniform SEI layers formed during cycling in KPF6 and KFSI
electrolytes. Additionally, the blue colour contrast in KFSI electrolyte suggests that a thinner SEI
layer was formed than in the KPF6 electrolyte. To further enhance the image contrast to compare
the SEI layers formed in KPF6 and KFSI electrolytes, the detailed colour scale was limited to the
range from 0.9 to 1.5 (Fig. S11). The colour mapping reveals that the SEI layer in KFSI
electrolyte is more homogeneous than that in KPF6 electrolyte. With the addition of FEC to the
electrolytes (Fig. 3C and 3D), the non-uniform colour distributions with white and red contrast
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reveal the formation of thick and inhomogeneous SEI layers on the surfaces of electrodes in
electrolytes with FEC.
These results suggest that KFSI as an alternative potassium salt in carbonate electrolytes can
effectively help to generate an even and stable SEI layer and possibly avoid excessive sidereactions, resulting in an improved CE, as shown in Fig. S4. In contrast, KPF6 and FEC additive
will stimulate the formation of a relatively thick and uneven SEI layer, leading to low CE and
poor cycling performance of the electrodes. Hence, it is proposed that the KFSI electrolyte is
beneficial for constructing a uniform and stable SEI film, thus enhancing the cycling stability of
the electrodes for PIBs.
In-operando XRD mechanistic study of GeP5 as anode for PIBs

13

Fig. 4. Electrochemical reaction mechanistic study of GeP5 as anode for PIBs. (A to D)
Contour plots of in-operando synchrotron X-ray powder diffraction with superimposed voltage
profiles shown for selected 2θ ranges of GeP5 as anode for PIBs: (A) GeP5 (012), (B) K4P3 (114),
(C) Ge (201), (D) KGe (215), and (E) schematic illustration of the potassiation/depotassiation
process in GeP5 electrode.
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To understand the electrochemical reaction mechanism of GeP5 as anode for PIBs, the
mechanistic response of GeP5 anode during cycling within a potential window of 0.01 – 3.0 V
(vs. K+/K) was characterised using in-operando synchrotron XRD (λ = 0.68899 Å). The
measurements were carried out at the Powder Diffraction Beamline, Australian Synchrotron. The
in-operando diffraction data for the GeP5 cell in the first cycle are represented by the contour
plots of the operando data in selected 2θ ranges in Fig. 4A-D. The intensity of the GeP5 (012)
reflection at 2θ = 15.31˚ decreased with the discharge process down to 0.01 V and afterwards
increased with the charge process (Fig. 4A), which indicates the consumption of GeP 5 phase
during discharging (potassiation) and its reversibility during charging (depotassiation). The
insufficient reaction of GeP5 is possibly due to the relatively large current density and high
loading amount for synchrotron experiments. In the initial discharge process, a peak for the K4P3
nanoparticle (114) reflection at 2θ = 13.78˚ (Fig. 4B) appears, and its intensity increases. Upon
further discharge, the intensity of the Ge reflection at 2θ =14.49˚ (Fig. 4C) increases to its
maximum after discharging to ~0.45 V and then decreases. After further discharge, the peak for
the KGe (04-007-1643) reflection at 2θ = 14.07˚ (Fig. 4D) appears at around 0.4 V and remains
until full discharge.
According to these results, it can be concluded that the potassiation process for GeP5 could be
divided into two stages and described by the following equations:
Ge𝑃5 + 20/3 𝐾 ↔ 5/3 𝐾4 𝑃3 + 𝐺𝑒
𝐺𝑒 + 𝐾 ↔ 𝐾𝐺𝑒

(I)
(II)

The reaction mechanism for GeP5 during potassiation/depotassiation is schematically shown in
Fig. 4E. In stage I, a conversion reaction occurs, GeP5 decomposes into Ge and P particles, and
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the P component reacts with K to form K4P3. In stage II, Ge alloys with K to form KGe.
Consequently, the synergistic K-storage reactions of K-P phases (K4P3) and K-Ge (KGe) alloys
during the discharge process can create a mutual buffer mechanism. This buffering effect can
alleviate the volume changes during cycling, thus helping to maintain the integrity of the
electrode and improve the cycling stability.
3. Conclusions
In summary, we have reported a layered alloy compound, GeP5, with high phosphorus
concentration as anode material for PIBs. The GeP5 electrode can deliver a high reversible
specific capacity over 500 mA h g-1 and exhibits excellent rate capability (230 mA h g-1 at 1 A g1

) for K ion storage. The superior electrochemical performance is attributable to the synergistic

reaction mechanism (alloying and conversion reactions) during the discharge/charge processes,
which greatly buffers volume changes in the electrode. An alternative potassium salt (KFSI) has
been demonstrated to promote a uniform, stable SEI layer and allow long cyclability for PIBs.
This work suggests the great potential of GeP5 as anode for PIBs and is likely to attract more
interest in exploring alloy-based electrode materials with high volumetric capacity in
electrochemical energy storage.
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Experimental Section
Preparation of GeP5 powder:
GeP5 powder was obtained by a high-energy ball-milling (HEBM, Fritsch Pulverisette-6.
Germany) process using commercial Ge and red phosphorus as the raw materials in the mole
ratio of Ge: P = 1: 5. The HEBM was conducted at 500 rpm for 10 h, and the elemental mixture
was milled using ball-mill beads 10 mm in diameter with a powder-to-ball weight ratio of 1:20.
All sample storage and handling were performed in an Ar filled glove box (MBraun Unilab).
Materials characterization
The crystal structures of the as-prepared powders were characterized by powder X-ray
diffraction (XRD) on a GBC MMA diffractometer with a Cu Kα source at a scanning rate of 1°
min-1. The morphology of the as-synthesized powders was characterized on a JEOL JSM7500FA field-emission scanning electron microscope (FESEM) and a JEOL ARM-200F
aberration-corrected transmission electron microscope (TEM). A customized CR2032 coin cell
was made for use in synchrotron X-ray powder diffraction (SXRPD) experiments, and the details
of cell assembly can be found elsewhere1. The cell was galvanostatically discharged and charged
over 0.01–3 V vs. K+/K. Synchrotron X-ray powder diffraction (SXRPD) experiments were
conducted on the Powder Diffraction beamline at the Australian Synchrotron, where the
collection time for each data point was 180 seconds and the time gap between each collection
was ~7.5 minutes during discharging and charging using a MYTHEN microstrip detector. The
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wavelength of synchrotron radiation was determined to be 0.68899 Å using LaB6 (Standard
Reference Material SRM 660b).
Fourier-transform infrared (FTIR) maps were collected using a PerkinElmer Spotlight 400
equipped with a mercury cadmium tellurium (MCT) detector, which consists of single point
(point mode) and 16-array (image mode) detectors all in one. Maps of 2 × 8 points (~200 × 100
μm2 area) in reflectance mode were acquired at 4 cm-1 resolution with 16 scans per pixel from
4000 to 400 cm-1. The drop down average true range (ATR) is a Ge crystal 100 μm in diameter.
Principal component analysis (PCA) is one of the most widely used methods for data reduction
and exploratory analysis. In this work, PCA analyses of the selected FTIR regions corresponding
to the 400 - 4000 cm-1 range were obtained to reveal the uniformity of the functional groups and
solid electrolyte interphase (SEI) layer.

Theoretical calculations
The calculations were performed based on the density functional theory (DFT) approach 2 using
the DMol3 package. The effects of exchange correlation interaction were treated according to the
Perdew-Burke-Ernzerhof generalized-gradient approximation (GGA-PBE) 3. All-electron KohnSham wave functions were expanded in a double numerical basis with polarized orbital (DNP) 4.
Sampling of the irreducible wedge of the Brillouin zone was performed with a regular
Monkhorst-Pack grid of special k-points 5. The convergence criteria for relaxation were 1.0 × 105

Ha, 0.002 Ha/Å, and 0.005 Å for the energy, gradient, and atomic displacement, respectively.
The ion solvation is directly related to the strength of the ion-solvent interaction that governs

the solvation structure. In addition, it plays an important role in determining the energetics of ion
intercalation from the liquid electrolyte into the battery electrodes, since the desolvation is
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required for intercalation6,7. The ion solvation energies were approximated from the binding
energy of the X + (Y) clusters, where X = K + or Na+ , and Y = EC + DEC or EC + DEC + FEC. In
particular
∆𝐸𝑠𝑜𝑙 = 𝐸𝑋 + + 𝐸(𝑌) − 𝐸𝑋 +(𝑌)

(I)

where 𝐸𝑋 + , 𝐸(𝑌) , and 𝐸𝑋 +(𝑌) are the energies of the X + in vacuum, and the (Y) and X + (Y)
clusters, respectively 8.

TXM characterization
In-operando transmission X-ray microscopy (TXM) measurements of the GeP5 used as anode in
LIBs were carried out at the 01B1 beamline of the National Synchrotron Radiation Research
Center (NSRRC) in Hsinchu City, Taiwan. The light source operates with photon energy ranging
between 8 and 11 keV. The X-rays passing through the tested coin cell go through a zone plate
optical system and then a phase ring to form the image.
The electrochemical testing was carried out by using a 2032-type coin cell with a hole in the
stainless steel disk, top, and bottom cap. The working electrode consisted of GeP5, conductive
additives, and binder in the weight ratio of 40:40:20. The conductive additives included graphitic
flakes (KS6, 3 lm, Timcal) and carbon black (Super P, 40 nm, Timcal). Lithium polyacrylate was
chosen as binder because of its multifunctional nature and good properties for high-voltage Liion batteries. The GeP5 electrode was prepared by coating the slurry on a disk. Once the film
dried, the layer was removed from the substrate, creating a free-standing film. The free-standing
electrode was further dried under vacuum overnight to remove residual solvent. The counter
electrode was Li foil, which is mostly transparent to X-rays. The electrolyte was a 1 M solution
of LiPF6 in ethylene carbonate/ethyl methyl carbonate (1:2 vol. %). The covers of both sides of
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the cell were sealed with Kapton tapes in order to allow the X-ray beam to pass through the cell.
The cell-assembly processes were conducted in a glove box, where oxygen and water levels were
kept lower than 1 ppm.
The charge/discharge tests were carried out in constant current (CC) mode within the voltage
window from 3 V down to 0.005 V under the current density of 0.3 A g-1. All the potentials
reported herein are referenced to Li/Li+.

Electrochemical measurements
Electrodes were fabricated using a slurry-coating method. The synthesized materials (GeP5) were
mixed with Super P carbon black and poly(acrylic acid) (PAA) in the weight ratio of 3:5:2,
respectively. Deionized (DI) water was used as the dispersing agent. Then, the slurry was coated
on copper foil and dried in a vacuum oven at 80 ℃ overnight. Coin-type (CR2032) cells were
assembled in an argon-filled glove box with oxygen and water content lower than 0.1 ppm. K
half-cells were assembled with potassium metal and 0.8 M KPF6 or 1 M KFSI in an EC/DEC
solution (EC: DEC = 1:1, v/v) as electrolyte. FEC (5 wt. %) as an additive was added into the
electrolyte for comparison purposes. The cells were galvanostatically charged-discharged
between 0.01 and 3.0 V versus K/K+ at various current densities on a Neware tester.
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Fig. S1. Solvation energies estimated from the binding energy of the Na+ (Y) clusters, where Y =
EC + DEC or EC + DEC + FEC.
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Fig. S2. Galvanostatic discharge and charge profiles for the first 3 cycles of the electrode in (A)
KPF6 and (B) KFSI electrolyte at 50 mA g-1.
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Fig. S3. Galvanostatic discharge and charge profiles for the first 3 cycles of the electrode in (A)
KPF6 and (B) KFSI electrolyte with 5 wt. % FEC at 50 mA g-1.
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Fig. S4. Coulombic efficiency of the GeP5 electrode in various electrolytes.
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Fig. S5. The first lithiation/de-lithiation process in GeP5 electrode.
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Fig. S6. TXM micrographs of selected particles.

The relationship between voltage and time for the GeP5 electrode in the first lithiation/delithiation process is shown in Fig. S5. The onset potential of lithiation of GeP 5 is known to be
around 0.7 V, which is the long plateau in the lithiation curve in Fig. S5 and corresponds to the
conversion reaction between Li and GeP5 to form Li3P, as shown in Eq. (1) 9. The plateau at 0.18
V can be assigned to the alloy formation of Li4.4Ge as in Eq. (2) 9. The selected particles were
continuously focused, as shown in Fig. S6, where the letters for the images correspond to the
letters marking points on the lithiation/de-lithiation curve in Fig. S5. Before the first lithiation,
two particles were observed within the monitored area. The larger particle, marked by the yellow
dashed line, became unclear from point d, while the smaller particle, marked by the red dashed
line, can hardly be observed in i-j. The reaction mechanism is shown below9:
15Li+ + 15e－ + GeP5 → Ge + 5Li3P

(1)
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4.4Li+ + 4.4e + Ge → Li4.4Ge
－

In total: 19.4Li+ + 19.4e－ + GeP5 → Li4.4Ge + 5Li3P

(2)
(3)

The two plateaus in the de-lithiation curve in Fig. S5 can be assigned to the extraction of lithium
from Li4.4Ge and Li3P. These reactions also can be found in Fig. S6, corresponding to the
formation of the particle outlined in blue.
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Fig. S7. Time-voltage profiles of the electrode in KPF6 electrolyte between a) 50-70 and b) 250270 cycles within the voltage range of 0.01-3 V.
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Fig. S8. Long-term cycling tests of the cells in various voltage ranges at 500 mA g-1 in KPF6
electrolyte, with the inset showing an enlargement of the indicated range.
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Fig. S9. Time-voltage profiles of the cells in KPF6 electrolyte between 360-380 cycles within the
voltage range of 0.1-3 V.
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Fig. S10. FTIR mapping images of the selected areas on the surfaces of the electrodes: (A)
pristine electrode, (B) KPF6 with EC/DEC electrolyte, and (C) KFSI with EC/DEC electrolyte.
(Absorbance (Abs.) ranges were limited to the range from 0.6 to 1.3, with the colour scale based
on the corrected absorbance adjusted to the same range.)
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Fig. S11. FTIR mapping images of the selected areas on the surfaces of the electrodes: (A) KPF6
with EC/DEC electrolyte, and (B) KFSI with EC/DEC electrolyte. (Absorbance (Abs.) ranges
were limited to the range from 0.9 to 1.5, with the colour scale based on the corrected absorbance
adjusted to the same range.)
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